Gibberellin-regulated protein (GRP) is a new allergen in peach allergy, with an amino acid sequence very well conserved through several botanical species. We investigated the allergenicity of GRP in fruit allergies other than peaches and identified the clinical characteristics of fruit allergy patients with GRP sensitization. One hundred consecutive Japanese patients with fruit allergies were enrolled in the present study. To identify the features of GRP sensitization, we selected patients with negative ImmunoCAP results for Bet v 1 homologs and profilin, which are marker allergens for pollen-food allergy syndrome (PFAS), or lipid transfer protein. These patients underwent specific immunoglobulin E measurements by enzyme-linked immunosorbent assay (ELISA) and skin prick tests (SPT) using purified nPru p 7. Twenty of 100 consecutive patients with fruit allergies had negative ImmunoCAP results for Bet v 1 homologs and profilin. Thirteen (65.0%) of the 20 patients had positive ELISA and/ or SPT results using nPru p 7, whereas one of the 20 patients had positive ImmunoCAP results for Pru p 3. In 13 nPru p 7-sensitized patients, the causative foods were peaches (92.3%), apricots (61.5%), oranges (46.2%) and apples (30.8%). Ten patients (76.9%) had multiple causative fruits. Frequent symptoms included facial edema (92.3%) and laryngeal tightness (66.7%). In eight patients (61.5%), exercise or aspirin intake enhanced the allergic reaction onset as cofactors. The prevalence of GRP sensitization was high in Japanese fruit allergy patients except for PFAS patients. In conclusion, GRP-sensitized patients may have allergies to multiple fruits and may show peculiar characteristics such as facial swelling and cofactor dependence.
INTRODUCTION
Gibberellin-regulated protein (GRP, also known as peamaclein) is a member of the GASA gibberellin-regulated cystein-rich protein family and an antimicrobial peptide according to classification based on biological function. GRP was registered as new peach allergen (allergen name approved by official the World Health Organization and International Union of Immunological Societies, Pru p 7) in 2013. 1 We recently identified Pru p 7 as a marker related to systemic reactions to peaches. 2 By searching the Basic Local Alignment Search Tool (BLAST) algorithm, the amino acid sequence of Pru p 7, which is the only GRP homolog identified as an allergen, did not show any similarity to other well-known allergens, such as Bet v 1 homologs, profilin and lipid transfer proteins (LTP); however, its amino acid sequence is well conserved through several botanical species. GRP may therefore be a causative allergen in allergies due to fruits regardless of the plant kingdom classification. However, the clinical relevance of GRP in allergies to fruits other than peaches is not clear. Here, we investigated the allergenicity of GRP in fruit allergy patients and identified clinical characteristics related to GRP sensitization. To identify the clinical characteristics related to GRP sensitization, we selected patients with negative immunoglobulin (Ig)E reactivity to Bet v 1 homologs and profilin (marker allergens for pollen-food allergy syndrome [PFAS] ) and LTP (a marker allergen associated with systemic reactions in fruit allergies) from those fruit allergy patients enrolled in the present study.
METHODS Patients
One hundred consecutive patients (male : female ratio, 27:73; mean age, 31.5 years [range, ) diagnosed with fruit allergies at the Dermatology Department of Yokohama City University Hospital between January 2001 and December 2015 were enrolled in the present study (Fig. 1 ). Patients were diagnosed with fruit allergy if they had a convincing history of allergic reactions within 30 min of ingesting the relevant fruit and had positive results on skin prick tests (SPT) with fruits according to prick-prick method, specific immunoglobulin (Ig) E measurements for them using ImmunoCAP (Thermo Fisher Scientific, Waltham, MA, USA) and/or challenge tests with them.
In addition, we evaluated each patient's clinical history to determine the involvement of cofactors, such as non-steroidal anti-inflammatory drugs and exercise, which are associated with food-dependent, exercise-induced anaphylaxis. The time period accepted for considering a potential relationship with food-allergic reaction was 2 h before food ingestion, combined with the simultaneous intake of non-steroidal antiinflammatory drugs and the food. 5 Regarding exercise, a 4-h period after a food ingestion was established. 5 Food-dependent exercise-induced anaphylaxis (FDEIA) was diagnosed based on a convincing history of fruit allergy, and/or positive results of challenge tests combined with exercise and/or aspirin. This study was approved by our institutional review board. Written informed consent was provided by all patients.
Purification of GRP from peach (Pru p 7)
Native GRP (nPru p 7) was purified from peach pulp by ionic exchange chromatography following the protocol described in Supporting Information. 2, 6 Measurement of nPru p 7-specific IgE by ELISA
We measured an enzyme-linked immunosorbent assay (ELISA) to measure specific IgE (sIgE) antibody to purified nPru p 7 as a representative GRP, as described in Supporting Information. 6 
Measurement of specific IgE measurements by ImmunoCAP
Serum sIgE levels (ImmunoCAP) for the relevant fruits and for recombinant allergens of Bet v 1 homologs (Bet v 1 or rPru p 1), profilin (rBet v 2 or rPru p 4) and LTP (rPru p 3) were measured. According to the information provided by the manufacturer, the cut-off value of the assay was 0.35 kUA/L as class 1.
Skin testing with nPru p 7
Eight patients gave informed consent for additional SPT with purified nPru p 7. SPT with nPru p 7 (2 lg/mL in phosphatebuffered saline) were performed and read according to a standard procedure. 7 The skin was pricked through the allergen drop of nPru p 7 with the tip of a Prick-Lancetter (EWO CARE, Gislaved, Sweden) and the responses were read after 15 min. Histamine chloride at 10 mg/mL and vehicle (Torii Pharmaceutical, Tokyo, Japan) served as positive and negative controls, respectively. The elicited response of SPT was considered positive when the largest diameter of the wheal induced by the allergen was 3 mm or more. 8 SPT with nPru p 7 was also carried out on five control subjects without fruit allergy. 
RESULTS

Selection of patients without PFAS
Eighteen (80.0%) of 100 consecutive patients with fruit allergies had positive ImmunoCAP results for Bet v 1 homologs and/or profilin, indicating that they were diagnosed with PFAS ( Fig. 1 ).
Prevalence of sensitization to LTP
In the 20 patients with negative ImmunoCAP results for Bet v 1 homologs or profilin, only one patient (5%) had positive ImmunoCAP results for rPru p 3.
Prevalence of sensitization to nPru p 7
Among the 20 fruit allergy patients with negative ImmunoCAP results for Bet v 1 homologs and profilin, 11 patients (55.0%) had positive results (range, 0.50-3.36 unit/mL; mean, 1.18 U/mL) in ELISA with nPru p 7. In addition, eight patients gave informed consent for SPT with purified nPru p 7. Seven of the eight patients including two patients (patients 3 and 6) with negative ELISA results for nPru p 7 showed positive SPT results for nPru p 7 (Table 1) . Therefore, 13 of 20 patients with fruit allergies and negative IgE reactivity to Bet v 1 homologs and profilin (five males and eight females; mean age, 31.8 years) were sensitized to nPru p 7 ( Fig. 1 ).
Causative fruits in fruit allergies with GRP sensitization
In these patients, the most frequent causative fruits belonging to the Rosaceae family were peaches (12 patients, 92.3%), followed by apricots including Japanese apricot (eight patients, 61.5%), apples (four patients, 30.8%), strawberries (four patients, 30.8%), cherries (two patients, 15.4%) and pear (one patient, 7.7%) ( Table 2) . Regarding fruits in the Rutaceae family, the prevalence of sIgE positivity to oranges (six patients, 46.2%) was higher than that to lemons and grapefruits (two patients each, 15.4%). Additionally, in families other than Rosaceae and Rutaceae, causative foods were grapes (two patients, 16.7%), figs (one patient, 8.3%), melons (one patient, 8.3%), tomatoes (one patient, 8.3%) and pineapples (one patient, 8.3%). Ten patients (76.9%) had multiple causative fruits. One patient reacted to two foods, three patients to four foods, two patients to five foods, and two patients to six foods. Three patients had single causative foods: two patients developed allergic reactions after the ingestion of peaches and one patient after grapes.
Clinical symptoms in fruit allergies with GRP sensitization
In the most severe episodes experienced by the 13 patients sensitized to nPru p 7, the most frequent symptom was facial swelling (n = 12, 92.3%), especially the eyelids, followed by generalized urticaria (n = 10, 76.9%), laryngeal tightness (n = 9, 69.2%), nasal symptoms (n = 8, 61.5%), eye symptoms (n = 7, 53.8%), dyspnea (n = 6, 46.2%), oral symptoms (n = 6, 46.2%), loss of consciousness (n = 4, 30.8%), abdominal symptoms (n = 3, 23.1%) and hypotension (n = 1, 7.7%) ( Table 1) . Thus, 12 patients (92.3%) developed anaphylactic reactions, and four patients (30.8%) experienced anaphylactic shock, accompanied by hypotension and loss of consciousness. Foods that caused the most severe episodes were peaches (n = 6, 46.2%), apricots (n = 4, 30.8%), strawberries (n = 2, 46.2%) and grapes (n = 1, 7.7%).
Cofactors in fruit allergies with GRP sensitization
Interestingly, exercise and the intake of aspirin were cofactors and enhanced the onset of allergic reactions in 10 patients (76.9%) and one patient (7.7%), respectively (Table 1 ). In two patients (patients 1 and 7), food challenge tests combined with exercise and/or aspirin showed positive results. The other eight patients did not give informed consent for combined challenge tests because during the onset of their episodes they experienced severe systemic reactions after the ingestion of causative fruits and the risks of challenge tests include anaphylaxis. The causative foods involved with episodes associated with cofactors were peaches, apricots, apples, pears, cherries, strawberries and grapes.
Other allergic diseases in fruit allergies with GRP sensitization
In terms of the patients' histories of other allergies, the prevalence of pollinosis was 92.3% (12/13), bronchial asthma 15.8% (2/13) and atopic dermatitis 15.8% (2/12).
In terms of peach allergen components, ImmunoCAP to rPru p 1, rPru p 3 and rPru p 4 was negative in all 13 patients. Additionally, almost all patients (12/13, 92.3%) were sensitized to Japanese cedar pollens. Four patients (patients 1, 10, 11 and 12) were sensitized to Betulaceae family pollens, such as alder and birch pollen, even though they had negative Immuno-CAP for Pru p 1 or Pru p 4. The prevalence of the positive rate of ImmunoCAP was 33.3% (4/12) for grass and 40% (4/10) for ragweed.
DISCUSSION
Our findings showed a high prevalence (65.0%) of sensitization to nPru p 7 as a representative GRP in Japanese fruit allergy patients without sensitization to Bet v 1 homologs and profilin. Importantly, to clarify which clinical features are related to GRP sensitization, patients without PFAS and LTP allergy were selected. However, a limitation of the present study was the lack of screening sensitization to all fruit allergen components, including thaumatin-like protein.
Gibberellin-regulated protein is the first allergen among antimicrobial peptides according to classification by biological function. GRP protects plants from pathogens and has an essential role in plant development. 9 In addition, Pru p 7 has heat-stability and digestion-resistance because of an unusually high cystein content (19% of total residues), similar to LTP. GRP is thus presumed to be a true food allergen that sensitizes by itself via the gastrointestinal tract and to induce severe reactions after ingestion. [10] [11] [12] In our patients who were sensitized to Pru p 7, the causative foods were from a wide range of plant kingdom classifications. The Rosaceae family was the most frequently involved, because it has essential roles in growth and defense against plant pathogens. The wide distribution of GRP may cause this broad diversity of allergenic foods and cross-reactivity between them. Three of the patients had only one causative food; two for peaches and one for grapes. To date, no GRP other than Pru p 7 has been reported to act as a primary sensitizer. However, our results indicated that fruits other than peaches may also be initial sensitizers in GRP reactions. Clinical manifestations of GRP sensitization can vary in severity, from anaphylaxis to symptoms restricted to the oropharyngeal area, skin or gastrointestinal tract. However, 12 of the 13 Pru p 7-sensitized patients (92.3%) experienced anaphylactic reactions after the ingestion of causative foods, and four patients developed anaphylactic shock, indicating that GRP may be related to systemic reactions in allergies not only to peaches but also to other fruits. Among our patients, the ingestion of Rosaceae family fruits, such as peaches and apricots, tended to induce more severe reactions than fruits from other families. The most frequent symptom was facial edema (12/13, 92.3%), especially eyelid edema, suggesting that facial edema may be a clinical predictor of allergy caused by GRP derived from peaches and other fruits. 6 Surprisingly, in the majority (84.6%) of our GRP-sensitized patients, physical exercise and/or medication such as aspirin were cofactors for the development of allergic reactions after the ingestion of the causative foods, suggesting that these patients had FDEIA. In addition, all episodes involving cofactors were severe allergic reactions, such as anaphylaxis or anaphylactic shock. However, a limitation of the present study was a lack of results from challenge tests in eight of 10 patients. Regarding FDEIA, it is well established that in some patients, exposure to a food allergen is insufficient to provoke allergic reactions, which only occur under the influence of physical exercise and/or medication. 13, 14 The causative allergen components of FDEIA due to fruits have rarely been reported. Pascal et al.
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noted that in 40% of their LTP allergy patients, cofactors were involved in the clinical expression of allergic symptoms. These data emphasize the need to carefully investigate the presence of more than one trigger in episodes of allergic reactions, particularly in anaphylactic reactions. 5 Thus, a low reproduction of clinical symptoms dependent on cofactors may lead to the underestimation of the prevalence of GRP allergies. In the present study, PFAS accounted for 80% of the enrolled patients with fruit allergy, suggesting that PFAS may be a major type of fruit allergy in the Yokohama district of Japan. In addition, only one of the other 20% of patients had LTP allergy, even though LTP are considered a severity marker for fruit allergies in Europe. 4 Their subjects were selected on the basis of the severity of clinical reactivity and discrepancies in their rPru p 3 results among several diagnostic tools using allergen preparations, including the ISAC103 microarray and ImmunoCAP. 1 Tuppo et al. revealed that GRP can be hidden in nPru p 3 preparations because of its electrophoretic mobility and chromatographic behavior, which are similar to those of Pru p 3. Even though GRP and LTP share several features such as electrophoretic mobility and digestion resistance, they have distinct primary and secondary structures and thus they are not likely to be cross-reactive with each other. 1 Further studies with large numbers of patients from various countries may clarify the relevance of GRP to fruit allergies. In addition, almost all patients with GRP sensitization were sensitized to Japanese cedar pollens. To date, a GRP homolog derived from the Japanese cedar pollen has never been reported. The relation between GRP allergies and Japanese cedar pollen sensitization is still unknown.
In conclusion, the prevalence of sensitization to GRP was high in fruit allergy patients with negative IgE reactivity to Bet v 1 homologs and profilin. Our results indicate that GRP-sensitized patients may have allergies to multiple taxonomically unrelated fruits, suggesting that GRP could be a cross-reactive allergen. These patients showed peculiar clinical characteristics such as facial swelling and cofactor dependence.
